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Three dimensional (3D) porous C/LiFeP 04 /MWCNTs was synthesized by a hybrid of in situ sol gel strategy 
and a facile electro-polymerization polyaniline technique and a simultaneous sintering progress. In com¬ 
bined with the 3D hierarchical pore topologies and high electronic conduction facilitating the kinetics of 
both electron transport and lithium ion diffusion within the particles, the optimized electrodes exhibit 
an ultrahigh rate capacity, stable charge/discharge cycle ability, and a comparative volume capacity. The 
synthesized LiFeP0 4 composite offers a discharge capacity of 169.6mAhg _1 (nearly to its the theoret¬ 
ical capability 170mAhg _1 ) at the C/10 rate and delivers a good rate performance with a capacity of 
141.9mAh g _1 at a high rate of 20 C, and stable charge/discharge cycle ability (>95% capacity retention 
after 200 charge/discharge cycles).This non-organic facile synthesize avenue can be high desirable to 
prepare high-power electrode materials 

© 2013 Elsevier Ltd. All rights reserved. 


1. Introduction 

The olivine structure lithium iron phosphate LiFeP 04 has 
become one of the most attractive cathode electrode material 
candidates for Li-ion battery because of its physico-chemical char¬ 
acteristics, including a relatively high theoretical specific capacity 
of 170 mAh g -1 , a flat voltage profile (3.4 V vs. Li + /Li), high safety, 
high thermal stability in the charged state, as well as environmen¬ 
tal benignity, low cost and abundant material supply. However, 
its intrinsic demerits regarding the poor electronic conduction and 
sluggish ion diffusion remains a great challenge. Many approaches 
has been attempted to overcome the obstacles. The way to over¬ 
come the limitation of lithium-ion diffusion mainly depends on 
downsizing and controlling the morphology of the particle to 
decrease length of the lithium ion diffusion pathway inside the 
particle [ 1 -5], while improvements in conductivity were commonly 
achieved by coating conductive layer 6-13]. 

Nevertheless, decreasing the size of the LiFeP0 4 crystallites to 
nanosize level maintains shortening the lithium ion diffusion path¬ 
way, however, it usually introduce a low tap density, in turn, leads 
to a low volumetric capacity in practical application. Hence, Car¬ 
bon coating based on a controlled morphology preparation method 
which gains the compromise of a high tap density and shorten 
the lithium ion diffusion pathway is more preferable to overcome 
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the disadvantages [14], an effective carbon coating with a homo¬ 
geneous nano/sub-micro sized distribution is of great significance. 
Considering simple carbon coating or additive is exclude to obtain 
perfect rate performance, an electrode consisting of carbon-coated, 
submicro-sized crystalline LiFeP0 4 with 3D porosity is appeal¬ 
ing since it can provide fast electronic conduction in the solid 
phase and ion conduction at reasonable rates in both solid and 
liquid phases. This has been corroborated by recent work on 
porous carbon monoliths[15,16], showing a superior high-rate 
performance[29,30].In view of its facility in terms of synthesis 
and porous structure, the design is superior to insert subcmicro 
sized particles into a porous carbon matrix. Recently, CNTs provid¬ 
ing 3D have receive a wide attention due to its most effective in 
reducing the resistance, and thus improving the electrochemical 
performance of the composite cathode[ 17-20]. 

The incorporation of LiFeP0 4 with CNTs composites in order 
to achieve three dimensional porous LiFeP0 4 architectures is a 
favorable approach because it achieves fast electronic and ion con¬ 
duction, while keeping an acceptable tap density[21]. Zhou et al. 
combined the advantages of porous LiFeP0 4 and carbon nanotubes 
(CNTs) and prepared LiFeP0 4 /CNTs cathode composites, presented 
a high-performance cathode material for high-energy density and 
high-power density lithium-ion batteries[22].However, the con¬ 
ductivity of the cathode material is left to be further improved 
and the other aspects such as modifying the dispersion of 
CNTs by choosing different precursors for LiFeP0 4 should be 
carefully considered to make full use of the CNTs conductive 
network. 
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Fig. 1 . Schematic illustration of the synthesis procedure of C/LiFeP0 4 /MWCNTs submicro sized particles. 


Herein, an alternative optimized sub-micro sized 
C/LiFeP 04 /MWCNTs electrode structure design for high-power 
and high-energy lithium batteries by combining the advantages of 
porous submicro sized LiFeP0 4 active particles and multiwalled 
carbon nanotubes (MWCNTs) networks has been developed. The 
precursor mixture (containing no carbon source) was prepared 
by a sol-gel method, which can mix components at molecular 
level. The synthesis process is illustrated in Fig. l.This design 
interconnects the manifold benefits of MWCNTs, including high 
electronic conductivity, special tubular nanoscale morphology, 
corrosion resistance and high specific surface area to develop 
a highly-conductive tridimensional network which supply the 
porous LiFeP0 4 structure, obtaining a high-performance compos¬ 
ite cathode for high-energy and high-power lithium batteries. 
In order to further enhance the conductivity of the porous 
LiFeP0 4 /MWCNTs material, a uniform-thickness PANI coating was 
deposited on top of the interconnected LiFeP0 4 primary particles 
using a facile electro-polymerization process after proceeded by 
a heat-treatment, which greatly enhances the conductivity of 
the sample by the overall carboncoating. The highly dispersed 
conductive networks could significantly facilitate the kinetics 
by ensuring sufficient electron supply, especially at high rates. 
The hierarchical porous C/LiFeP0 4 /MWCNTs composite performs 
improved conductivity, rate capabilities, a good cyclic behaviors, 
more important a comparative high tap density, which is promis¬ 
ing as the high performance cathode material for lithium-ion 
batteries. 


2. Experimental 

2.1. Functionalization of MWCNTs 

The MWCNTs (FloTube9000, purity >95 wt %, 20 nm in diame¬ 
ter, 10 pan in length) used in this work were provided by CNano 
Technology Ltd. These MWCNTs are about 10-20nm in diameter 
and 10-30 p,m in length with an approximate surface area of 500 
m 2 g -1 .In order to increase the interfacing binding between the 


MWCNTs and LiFeP0 4 , MWCNTs has to be pre-treated by nitric acid 
for the surface functionalization [23]. 

Purification was firstly performed in order to remove the 
catalyst, MWCNTs was immerged in diluted sulfuric acid (50 wt 
%) at 120°C for 5 h. Subsequently, MWCNTs were filtered by using 
glass frit, washed with distilled water, and dried at 120°C for 12 h. 
Functionalized MWCNTs were prepared according to the previous 
work [24]. First, 0.01 g of purified MWCNTs were oxidized in 
lOOmL of HN0 3 and H 2 S0 4 mixture (1:3 by volume) solution by 
refluxing at 70 °C for 8 h and sonicated for 4 h to perform a partial 
oxidation of the surface and the formation of oxidized groups 
such as C-0H-,-0-C = 0 or C = 0 (Fig. 2). Finally, the solution was 
filtered by vacuum filtration through a poly(tetrafluoroethylene) 
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(PTFE) filter (Millipore, 25 mm in diameter, 0.2 p,m pores) and 
washed with distilled water. As depicted in Fig. 2, large amounts of 
oxygenated groups, hydroxyl, carbonyl and carboxyl groups were 
observed on the functionalized MWCNTs surface, indicting the 
strong chemical reactivity between LiFeP 04 and MWCNTs. 

2.2. Preparation of C/LiFeP0 4 /MWCNTs 

C/LiFeP0 4 /MWCNTs composite was prepared as cathode mate¬ 
rials for lithium-ion batteries. Firstly, the porous LiFeP0 4 /MWCNTs 
composite with tridimensional networks were prepared by a facile 
in situ sol-gel method. The stoichiometric amounts of Fe(N0 3 ) 3 , 
LiFl2P0 4 corresponding to 0.01 mol of LiFeP0 4 were dissolved in 
50 ml of distilled water under magnetic stirring. 0.158 g of pre¬ 
treated MWCNTs was dispersed in the mixture under the constant 
stirring, pre-treated MWCNTs was dispersed into the solution 
under ultrasonication, and then the mixture was treated with ultra¬ 
sonic processing for half an hour. The obtained mixture was stirred 
by keeping it at 50 °C at least 12 h. After evaporating the water, the 
wet gel was developed, and then it was moved into a vacuum oven 
and heated at 120°C for 12 h. The preparation of pure LiFe0 4 was 
the same as the above procedure except without the additive of 
MWCNTs. 

In order to further improve the conductivity of the 
LiFeP0 4 /MWCNTs composite, a uniform-thickness PANI by using an 
anodic electro-polymerization (AEP) process was uniformly coated 
onto their surface to form a homogeneous PANI/LiFeP0 4 /MWCNTs 
composite. The in situ AEP process was conducted at a constant 
potential of 1V for 600s in a three-electrode cell at room tempera¬ 
ture. The LiFeP0 4 /MWCNTs composite were dispersed into ethanol 
and the solution was applied onto a titanium substrate to play a 
role of the working electrode. The PANI monomer (0.1 molL -1 ) 
in sulfuric acid (0.1 molL -1 ) was drafted as the electrolyte; and 
FIg/FIgS0 4 and Pt mesh were designed as the reference and counter 
electrodes, respectively. After washing with distilled water and 
acetone several times, the collected PANI/LiFeP0 4 /MWCNTs 
composites were calcined at 700 °C for 8h in a tubular furnace 
under a N 2 ambient to gain the interconnected carbon shell on the 
hierarchical porous of LiFeP0 4 /MWCNTs composite, restricting the 
in situ crystallite growth of LiFeP0 4 . 

2.3. Characterizations 

The X-ray diffraction (XRD) patterns of LiFeP0 4 samples were 
obtained using a PANalytical X-pert diffractometer (PANalytical, 
Netherlands) with a Cu Ka radiation operated at 40 kV and 30 mA. 
Raman spectrum was measured by a Renishaw in ViaRaman micro¬ 
scope at room temperature with the 532 nm line of an Ar ion laser 
as an excitation source. X-ray photoelectron spectroscopy (XPS, 
VGMicro Tech) was used to measure the oxygen content in the 
functionalized MWCNTs. Morphology and structure of the sam¬ 
ples were analyzed viafield-emission scanning electron microscopy 
(FE-SEM, S4800, Thermo Fisher) and high resolution transmission 
electron microscopy (FIR-TEM, Tecnai G2F20, Philips). 

The electrochemical performance of the LiFeP0 4 samples were 
tested using a CR2025-type coin cell. To prepare the work¬ 
ing electrodes, the active material powder, carbon black and 
poly(vinylidene fluoride) binder were mixed at a weight ratio of 
80:10:10 in N-methyl-2-pyrrolidone solvent. The mixed viscous 
slurry was coated onto Al foil and dried at 120°C under vacuum 
for 12h. The obtained film was cut into circular discs with area 
of ~1.5 cm 2 , and the discs were pressed at a pressure of 10 MPa to 
act as the working electrodes. The positive electrodes with approxi¬ 
mately 2.3 mg of the active materials with a uniform thickness were 
assembled in coin cells with a lithium metal foil as the negative 
electrode, a Celgard 2400 film as the separator, and 1.0 M LiPF 6 
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Fig. 3. XRD patterns for all LiFeP0 4 samples. 


solution in ethylene carbonate, diethyl carbonate and dimethyl 
carbonate (1:1:1, in volume) as the electrolyte. The electrode per¬ 
formance was investigated in terms of Cyclic voltammetry curve, 
charge/discharge curves and cycling capacity using a NEWARE 
battery-testing system (Neware Co., Ltd., China) at the cut-off volta¬ 
ges of 2.5 and 4.2 V. Electrochemical impedance spectroscopy (EIS) 
was measured using CHI604D (CH Instruments, China). EIS mea¬ 
surements were carried out in the frequency range from 1 mHz to 
1 MHz with an AC voltage signal of ±5 mV. All the electrochemi¬ 
cal measurements were carried out at room temperature, and the 
potentials were given with respect to Li + /Li. 

3. Results and Discussion 

3 A. Structure and morphology 

XRD was used to detect the crystallinity information 
of the as prepared pristine LiFeP0 4 ,LiFeP0 4 /MWCNTs and 
C/LiFeP0 4 /MWCNTs submicro sized particles (Fig. 3), triva- 
lent iron as a cheap starting material was reduced to the divalent 
one at this stage as confirmed by X-ray photoelectron spec¬ 
troscopy, all intense peaks in the spectrum can be well indexed 
to orthorhombic LiFeP0 4 (JCPDS Card No. 96-110-1112) [25]. 
Calculation of the pattern gave the lattice parameter values of 
a =5.9438 A, b =10.3043 A, c= 4.6857 A and a unit cell volume of 
286.95 A 3 , which were in good agreement with the literature 
values [26,27].The profiles of the reflection peaks are quite narrow, 
indicating the high crystallinity of the LiFeP0 4 samples. 

No obvious peaks corresponding to carbon are found in the XRD 
pattern possibly ascribed to its low content. However, Raman shift, 
evidencing the presence of carbon in the carbon-coated LiFeP0 4 
composites (Fig. 4). In Fig. 4, the strong peaks at 1342 and 1578 cm -1 
are contributed to D-band and G-band,respectively. The G-band 
presents for the vibration mode of graphite carbon, whereas D 
band stands for the disorders or defects in the graphite struc¬ 
ture. The intensity ratio of D and G bands (Id/Ig) represents the 
degree of surface disordering of coated carbon layer. The value 
of I D /I G for LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs are 1.01 
and 0.79, respectively. The higher I D /I G ratio implies more defects 
of the LiFeP0 4 /MWCNTs samples, demonstrating that the pres¬ 
ence of MWCNTs helps to create ordered carbon and the load of 
uniform-thickness PANI carbon layer further improves the disorder 
of C/LiFeP0 4 /MWCNTs to some extent. 

The carbon contents of modified products were measured 
by using elemental analysis and they were found to be 
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Fig. 4. Raman spectra of LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs. 

2.6%,4.2wt%,respectively, for LiFeP0 4 /MWCNTs composite, and 
C/LiFeP0 4 /MWCNTs sample. The low carbon content is benefi¬ 
cial to increasing its tap density and makes it more promising 
in industrial production and application. The tap density of the 
prepared C/LiFeP0 4 /MWCNTs material and LiFeP0 4 /MWCNT reach 
2.25 g cm -3 and 2.31 g cm -3 ,respectively, which was slightly lower 
than that of the pure LiFeP0 4 composite (2.80gem -3 ) because 
of the addition of carbon. The higher tap density of cathode 
material pronouncedly makes a significantly higher volumetric 
energy density. It is pointed out that the nitrogen content for 
C/LiFeP0 4 /MWCNTs sample was detected by 0.01% implying that 
there is little trace of nitrogen retention and it contributes negligi¬ 
ble influence to the final sample. In addition, the interconnected 
three-dimensional networks and the overall carbon coating are 
good for the electrical conductivity of the C/LiFeP0 4 /MWCNTs par¬ 
ticles. 

The electrical conductivity of the C/LiFeP0 4 /MWCNTs mate¬ 
rial measured by a four-point probe method was 2.1 xlO -1 
S cm -1 , which was 5.6 times higher than that for pristine 
LiFeP0 4 (3.7 xlO -2 S cm -1 ) and 3.2 times higher than that of 
the LiFeP0 4 /MWCNTs (6.5 xlO -2 S cm -1 ), clearly showing that 
the electrical conductivity of C/LiFeP0 4 /MWCNTs submicro sized 
particles have been remarkably enhanced by the incorporation of 
interwaved network and the uniform load of PANI. 

SEM micrographs Fig. 5 (a), (b) and (c) shows that the pris¬ 
tine without MWCNTs modified LiFeP0 4 particles are several 
submicrons in size and highly porous. Fig. 5d reveals a porous 
structure of C/LiFeP0 4 /MWCNTs was formed during the final calci¬ 
nation process. Fig. 5(d), (e) and (f) display that the cross-linked, 
interlaced carbon nanotube networks are intimately embedded 
and incorporated into the porous LiFeP0 4 particle structure. The 
LiFeP0 4 particles in the sample is in the pattern of numerous 
sub-micro sized apertures, well-proportioned and narrowly dis¬ 
tributed around 0.5 p,m,constructing a 3D interconnected pore 
system, these small apertures lead into much larger voids inside the 
particles, indicating the interior pore system is interlaced. Fig. 5(g) 
shows the C/LiFeP0 4 /MWCNTs sample was prepared without any 
impurities. Fig. 5(h) implied that the single-crystalline nature of 
C/LiFeP0 4 /MWCNTs. 

Fligh-resolution TEM image of the LiFeP0 4 particles in Fig. 5(i), 
confirms a thin carbon layer with a thickness in the range of 1 -3 nm 
was coated into the LiFeP0 4 particles, which was classified to be 
effective in achieving optimized rate capabilities. The incorporation 
of MWCNTs and the complete carbon coating around or between 
the particles which greatly enhance the surface area, favouring the 


diffusion kinetics of lithium ions, are expected to contribute to the 
improved electrochemical properties of the composites. 

3.2. Electrochemical Performance ofLiFeP0 4 composites 

Cyclic voltammetry was conducted in order to investigate 
the effect of the electrochemical properties of the LiFeP0 4 sam¬ 
ples by using a scanning rate of 0.1 mVs -1 to 2mVs -1 , voltage 
range: 2.4-4.2V. A single pair of sharp oxidation and reduc¬ 
tion peaks, ascribing to the two-phase reaction of the Fe 3+ /Fe 2+ 
redox couple (i.e., lithium insertion and extraction), can be clearly 
discerned[28]. Fig. 6(a) compared the CV profiles of pristine 
LiFeP0 4 ,LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs in the first 
cycle. For pristine LiFeP0 4 , the oxidation and reduction peaks 
occur at 3.64 and 3.24 V, respectively, with the polarization being 
0.4 V. For LiFeP0 4 /MWCNTs, the oxidation and reduction peaks are 
located at 3.60 and 3.30 V, respectively, and the polarization is 0.3 V. 
For C/LiFeP0 4 /MWCNTs, the oxidation and reduction peaks appears 
at 3.55 and 3.35 V, respectively, with the polarization covers 0.2 V. 
Broadened peaks of pristine LiFeP0 4 present the most poor kinet¬ 
ics, lithium intercalation and deintercalation is sluggish. The lower 
polarization and higher peak of C/LiFeP0 4 /MWCNTs sample com¬ 
pared with that of LiFeP0 4 /MWCNTs can be attributed to the higher 
electronic conductivity further improved by PANI carbon layer 
coating [29]. 

Fig. 6(b) and (c) shows the cyclic voltammetry curves of 
LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs at an increasing scan 
rate from 0.5 to 2 mV s -1 , respectively. The cathodic (I pc ) and anodic 
(I pa ) peak currents versus the square root of the scan rate was pre¬ 
sented in order to obtain the apparent anodic and cathodic diffusion 
constants for both LiFeP0 4 samples, n 1 / 2 , in the 0.2-1 mV s -1 range 
(Fig. 6(d)). The diffusion constants for the Li + ions in the samples 
were calculated according to the Randles-Sevcik equation[30,31], 
Ip/m = 0.4463F(F/RT) 1 / 2 A e (D a pp) 1 / 2 C Li *v 1 / 2 .I p presents for the peak 
current, m is the mass of the electrode, F stands for Faraday con¬ 
stant, where A e is the effective area of the electrode per unit mass. 
It should be point out that LiFeP0 4 has a one-dimensional diffu¬ 
sion path in the [010] plane, and A e thus is denoted one-third 
of the total BET surface area of LiFeP0 4 , which is 5.45 m 2 g -1 for 
LiFeP0 4 /MWCNTs and 6.68 m 2 g -1 for C/LiFeP0 4 /MWCNTs. 

Where D app is the apparent diffusion constant for Li + ions, C L * 
is the Li + concentration in a particle before delithiation, and v is the 
CV scan rate. Considering the parameters of A (electrode area), C 
(concentration of Lit) and n (number of electrons involved in the 
redox process) are constants for both electrodes, the diffusion coef¬ 
ficient of lithium (D Li ) of C/LiFeP0 4 /MWCNTs is found to be 1.18 
times higher than that of LFP/MWCNTs. The linear dependence of 
peak current (I p ) of CV of samples on the square root of scan rate 
(vh 2 )can be observed Fig. 6, which can also be concluded from the 
comparation Fig. 6(b) with Fig. 6(c). Therefore, the coating of car¬ 
bon layer originated from PANI in C/LiFeP0 4 /MWCNTs is uniform 
and it further improves transportation of Li ions during cell oper¬ 
ation compared to LiFeP0 4 /MWCNTs. These results indicate that 
the lithium diffusion constant for the C/LiFeP0 4 /MWCNTs electrode 
was enhanced by uniform submicro sized particles, the hierarchical 
porous structure,3D networks, and the overall carbon coating. 

Fig. 7(a,b,c) displays the galvanostatic charge discharge voltage 
profiles of cells for all LiFeP0 4 samples at progressively increasing C 
rates from 0.1 C to 5 C between 2.2 and 4.2 V vs. Li + /Li. Accordingly, 
the dependence of specific capacity on current density was shown 
in Fig. 7(d). It is noted the voltage plateau is lengthened for the 
MWCNTs modified LiFeP0 4 materials, which should be attributed 
to the higher electrochemical reactivity of modified LiFeP0 4 and 
excellent kinetics. This result is in accordance with the CV pro¬ 
files. The modified LiFeP0 4 materials exhibit higher capacities than 
pure LiFeP0 4 at a low rate C/10, and a maximum capacity of 
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Fig. 5. (a),(b)SEM image at various magnifications,(c)TEM image for pure LiFeP0 4 ;(d),(e)SEM image at various magnifications, (f) TEM image, (g) element mapping, (h) elected 
area electron diffraction (SAED) pattern, (i) HRTEM image for C/LiFeP0 4 /MWCNT sample. 


169.6mAhg _1 (nearly to its theoretical capacity 170mAhg _1 ) are 
found in C/LiFeP0 4 /MWCNTs, while that of the MWCNTs/LiFeP0 4 
and pure LiFeP0 4 reach 158.9, 137.2 mAhg _1 ,respectively.Bare 
LiFeP0 4 displays lower capacity than modified LiFeP0 4 samples 
because of the lower lithium diffusion constant and electronic con¬ 
ductivity. Meanwhile, it presents a serious polarization tendency at 
high C rates, while the modified samples have a slight polarization 
tendency. 

The cycle performances of modified samples were extensively 
explored from 0.1 C to 20 C in Fig. 8(a). As shown in Fig. 8(a), 
the LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs samples have 
a stable cycle performance at these rates. C/LiFeP0 4 /MWCNTs 
exhibited a good rate performance with a capacity of 141.9 
mAh g -1 at a relatively high rate of 20 C, whereas that for 
LiFeP0 4 /MWCNTs was just 83.9 mAh g -1 . When the current 
density reverts back to a low current density of C/10 rate, the 
specific capacities of the electrode materials were able to recover 
to the original discharge capacity, displaying its good reversibility, 
which is a highly desirable property for electrode materials in 
lithium ion batteries. These results depicted that the decreased 
submicro sized particles, tridimensional networks and full car¬ 
bon coatings in hierarchical porous structure throughout the 
modified LiFeP0 4 powder ensure transfer electrons through 
all directions and alleviate the polarization. The capacity fad¬ 
ing could be ascribed to the slow diffusion of lithium-ion in 
LiFeP0 4 and the poor contact between the LiFeP0 4 particles and 
conductors. 

To evaluate the effect of this submicroarchitecture on fast elec¬ 
trochemical reaction kinetics, the submicroforest cathodes under 


investigation were subjected to a rather abusive high rate testing 
protocol in which the cells were both charged and discharged at the 
higher rates. The carbon coating further improved the morphology 
and structural stability of 3D LiFeP0 4 submicroforest cathode. As 
depicted in Fig. 8(b), the submicrosized C/LiFeP0 4 /MWCNTs par¬ 
ticles still delivered discharge capacity of 153.7 mAh g -1 at the 
10C rate after 200 cycles, corresponding to 99.1% of the capac¬ 
ity retention, 141.9 mAh g -1 at 20 C with 98.3% the capacity 
retention, implying that the structural robustness of the well- 
crystallized hierarchical porous LiFeP0 4 submicrosized particles. 
Discharge capacity remained virtually unchanged after 200 cycles, 
indicating highly reversible lithium insertion/extraction kinetics. 
The C/LiFeP0 4 /MWCNTs cathode material with outstanding stabil¬ 
ity supplies a platform to realize high power applications in lithium 
ion batteries. 

Electrochemical impedance spectroscopy (EIS) examination of 
the coin cells was conducted to further clarify the difference in 
the electrochemical response of three LiFeP0 4 cathode materials. 
As depicted in Fig. 9(a),these impedance spectra combined of a 
depressed semicircle in the high frequency region and a straight 
line in the low-frequency region, and a simple equivalent circuit 
was established to simulate the spectra (the inset in Fig. 9(a)). The 
semicircle is mainly associated to the charge-transfer resistance 
and the corresponding capacitances at the electrode/electrolyte 
interface, the straight line in the low frequency region is related 
with the diffusion behavior of lithium ions within the LiFeP0 4 par¬ 
ticles [32,33]. 

The intersection with the real axis at high frequency cor¬ 
responds to ohmic resistance Rohm reflects the electronic and 
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Fig. 6. A Cyclic voltammetry curves of all LiFeP0 4 samples at C/10 rate,(b) cyclic voltammetry curves for LiFeP0 4 /MWCNTs, and (c) C/LiFeP0 4 /MWCNTs samples at various 
scan rates,(d) The relationship of peak current (i p ) and the square root of scan rate (n 1/2 ) for both samples. 


ionic resistance of the two electrodes and electrolyte/separator. 
Considering the resistance of electrolyte/separator can be assumed 
to the same, the smaller Rohm Since the faradaic reaction is deter¬ 
mined by electron conduction and ion transfer, the reduction of 
resistance might be attributed to the enhancement of the electronic 
conductivity of the C/LiFeP0 4 /MWCNTs electrodes arising from 
the co-modication of the hierarchical porous carbon structure and 
the carbon-coated layers, which could allow better penetration of 
electrolyte, achieve a higher surface area and reduce the charge 
transfer resistance. The charge-transfer resistance was calculated 
from the semicircle in the high-middle frequency range as about 
130 £2, 80 £2 and 40 £2 for the pristine LiFeP0 4 ,LiFeP0 4 /MWCNTs 
and C/LiFeP0 4 /MWCNTs, respectively, the C/LiFeP0 4 /MWCNTs 
electrode exhibits lower charge-transfer resistance, suggesting 
that their electrolyte-electrode complex reactions can take place 
easily. The bigger slope of impedance of modified LiFeP0 4 samples 
indicate their higher electrochemical activity, which ascribed 
to hierarchical porous structure facilitate the diffusion path of 
lithium ion. The improved lithium-ion diffusion process within 
C/LiFeP0 4 /MWCNTs particles estimated from the oblique line at 
low frequencies is greatly enhanced by tridimensional networks 
allowing uniform carbon coating and electrolyte penetration, 
improving the electronic conductivity and reducing the diffu¬ 
sion path of the lithium ions. Those results are in agreement 
with the CV profiles, rate performance and cycling behavior 
results. 

Fig. 9(b) shows the relationship between Z Re and square root 
of frequency (w -1 /2) in the low frequency region. With Eq. (2), 
it is obtained that the Warburg impedance coefficient (crw) of 
the LiFeP0 4 samples increase with the additive of MWCNTs 
and further rise when modified by PANI carbon layer, which 


are 6.85, 11.19,18.36 cm 2 s _1/2 , respectively for pure LiFeP0 4 , 
LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs. 


ZR e = Re + Ret + cr w co 

(1) 

D = R 2 T 2 /2A 2 n 4 F 4 C 2 cr^ 

(2) 


Based on the obtained Warburg impedance coefficients, 
the Li-ion diffusion coefficients of samples can be calcu¬ 
lated using Eq. (2), where D is Li-ion diffusion coefficient 
(cm 2 s -1 ), R is gas constant (8.314Jmol _1 K _1 ),T is the abso¬ 
lute temperature (K), A is the electrode area (cm 2 ), n is 
the number of electrons involved in the redox process (1 in 
our case), C is the shuttle concentration (7.69 x 10 -3 mol cm -3 ) 
and F is the Faraday constant (96486 C mol -1 ).The Li-ion dif¬ 
fusion coefficients of the LiFeP0 4 samples for pure LiFeP0 4 , 
LiFeP0 4 /MWCNTs and C/LiFeP0 4 /MWCNTs are extracted to 
be 1.38 x 10 _12 ,4.57 x 10 -12 ,1.24 x 10 -11 , respectively .The result 
clearly manifests that the Li-ion diffusion coefficient of LiFeP0 4 
nanocomposites initially increases with increase of the modifica¬ 
tion of MWCNTs conductive network which would increase the 
conductive interconnection among the adjacent LiFeP04 parti¬ 
cles, and then are enhanced with further load of the PANI carbon 
layer which forms more conductive paths for electrons improve 
the electrons transfer efficiency and benefit the electrical conduc¬ 
tivity of LiFeP0 4 . It is consistent with the conclusion presented 
above that the carbon coating can increase both the ionic and 
electronic conductivity of the LiFeP0 4 nanocomposites. Besides, 
the porous structure formed in the network structure provides 
diffusion path and facilitates the diffusion of lithium ions at 
high rate charge and discharge. The BET surface area of porous 
C/LiFeP0 4 /MWCNT is as high as 20 m 2 g _1 which is much higher 
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Fig. 7. Charge/discharge curves of (a) pristine LiFeP0 4 sample,(b) LiFeP0 4 /MWCNTs composite,(c) C/LiFeP0 4 /MWCNT sample at different current densities, and (d) the 
dependence of specific capacity on current density. 


than that of LiFeP0 4 /MWCNTs 15 m 2 g _1 and that of pristine 
LiFeP 04 sample 9m 2 g _1 , which increases the interfacial contact 
between LiFeP0 4 particles and the surrounding electrolyte solu¬ 
tion. 

Excellent electrochemical discharge rates can be achieved 
with LiFeP0 4 nanoplates. Their power and energy performances 
were further evaluated with a Ragone plot, compared with some 


advanced energy storage and conversion devices (Fig. 10).At 
a low specific power of< 1 kWkg -1 ,C/LiFeP0 4 /MWCNT exhibits 
power density as high as 16.8 kW kg -1 (energy density: 84 Wh 
kg -1 ), indicating high energy-storage performances. In the case of 
LiFeP0 4 /MWCNT, an ultrahigh power density of 14 kW kg -1 (energy 
density:70Wh kg -1 ) can be realized, while pure LiFeP0 4 can afford 
12 kW kg -1 (energy density:60 Wh kg -1 ). 



Fig. 8. The rate performance curves of (a) MWCNTs modified LiFeP0 4 materials at various current rates, (b) long-term stability for C/LiFeP0 4 /MWCNTs material at high 
current rates. 
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Fig. 9. a Electrochemical impedance spectroscopy (EIS) result of the LiFeP0 4 samples, the inset of (a) shows an equivalent circuit, (b) The relationship between Z Re and to -1/2 
at low frequency. 
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battery (800-2000 W kg -1 ), while the energy densities are several 
times of that of supercapacitor technology (l-20Whkg -1 ).These 
capabilities indicate that such C/LiFeP0 4 /MWCNT cathode mate¬ 
rial can be used to build superior energy storage and conversion 
devices (e.g., HEVs, and EVs) with both high-power and high-energy 
densities. 

As discussed above, such an attractive high performance of 
C/LiFePOq/MWCNTs can be ascribed to well mixed conduct¬ 
ing materials, interconnected tridimensional submicro-networks, 
hierarchical porous structure, and well crystallization advantage. 
The effective dispersion of hierarchical structure and uniform 
carbon layer not only allow better penetration of electrolyte to pro¬ 
mote lithium ion diffusion but also increase the electrochemical 
reaction surface, thus ultimately alleviate electrode polarization, 
simultaneously, provide a good stability and capacity retention. The 
well crystallized and submicro particles present a high tap density, 
in turn, develop a high rate capability. 


Fig. 10. The Ragone plot of the LiFeP 04 samples, in comparison with some advanced 
energy storage and conversion devices. 

The energy densities and corresponding power densities were 
calculated from the following equations [34], and the result at 30A 


g -1 is listed in Table 1 : 


V 2 

(3) 

P= A „ n/r 

4RM 

e= x -cu 2 = \mc sp v 2 

(4) 


where V is the applied voltage, R is the equivalent series resis¬ 
tance (ESR), M is the total mass of the electrodes, and C is the total 
capacitance of electrode (C = C S pM/4). 

Such cells could supply higher power densities than current 
nickel metal-hydride (100-1000 W kg -1 ) and general lithium-ion 


4. Conclusions 

In conclusion, hierarchically structured composites based on 
porous LiFeP0 4 with MWCNTs networks present significantly 
improved specific capacity and rate performance in comparison to 
unmodified LiFeP0 4 when used in lithium ion batteries. The pre¬ 
pared C/LiFeP0 4 /MWCNTs composites present an excellent rate 
capability and capacity retention. The improved electrochemical 
performance of the carbon-coated composites could be attributed 
to the combined effects of the hybrid structure, the carbon lay¬ 
ers on particles, and the porous particles embedded in the carbon 
matrix, which enhance the structural stability and improve the 
lithium storage kinetics by facilitate the transport path of elec¬ 
trons and ions, therefore presents an intriguing route to design 
enhanced electrode structures for a wide variety of applications 
in electrochemical energy storage and conversion. 
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Power Density, And Energy Density of LFP Electrodes at current density 30Ag _1 
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Samples 

Power density (kW kg -1 ) 

Energy density (Wh kg -1 ) 
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12 

60 

LFP/MWCNT 

14 

70 

C/LFP/MWCNT 

16.8 

84 
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